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1.0 Introduction 


The tilt rotor VTOL aircraft configuration is a contender for future 
intercity public transportation, particularly in densely populated regions. 

Like other rotary wing aircraft types, the tilt rotor is inherently quiet 
due to its low disc loading and low flow velocities in and around the propulsion 
device. However, intercity service would likely involve large vehicles and 
high frequency of operations at some terminals. Because of the small area 
of vertiports, aircraft operations would be closer to the surrounding non-user 
population. Thus the vehicles should be as quiet as possible. 

In order to help assess the potential of tilt rotor aircraft as a viable 
part of an Intercity transportation system, the relationship between noise 
reduction and operational cost increases must be known. There are two methods 
of reducing the noise exposure due to aircraft operations: changes in flight 

profile and changes in design. The aircraft trajectory can be moved further 
from the listeners, the amount of noise generated can be reduced by reducing 
thrust, or the speed can be increased in order to reduce noise exposure time. 
This method of noise reduction is explored for VTOL aircraft in References 1 
and 2. This method does not generally have a significant impact on direct 
operating cost (DOC). The second method is to change the design of the aircraft 
to reduce the noise generated at a given distance, thrust level, and speed. 

This is the method considered here. 

Design changes for noise reduction in a 12,000 lb. gross weight tilt 
rotor aircraft are discussed in Reference 3 in considerable depth both from 
the military point of view (to reduce aural detectability) and the commercial 
point of view (to reduce noise annoyance). It was found that reduction of the 
rotor tip speed used in the helicopter mode and during conversion is the most 



effect! ve means of reducing noise annoyance. Other design changes which were con- 
sidered include variations in number of blades, blade tip shape, blade plan- 
form, blade airfoil section, blade twist, and blade spacing. Dramatic noise 
reductions could not be accomplished with these changes and they would not 
result in a dramatic change in DOC. Therefore these types of changes were 
neglected. 

The object of this study was to develop the relationship bet',een direct 
operating cost and noise annoyance for tilt rotor aircraft. This was accom- 
plished by generating a series of tilt rotor aircraft designs to meet various 
noise goals at minimum DOC. These vehicles ranged across the spectrum of 
possible noise levels from completely unconstrained to the quietest vehicle 
that could be designed within the study ground rules. Optimization parameters 
were varied to find the minimum DOC. This basic variation was then extended 
to different aircraft sizes and technology time frames. This study is similar 
to one conducted previously by the Flight Transportation Laboratory for heli- 
copters (Ref. 4). However, unlike the helicopter work, this study uses a 
single measure for evaluating total community annoyance due to a flight cycle 
composed of one departure and one arrival. 
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2.0 Design Procedure 

In this study a large number of tilt rotor aircraft designs were created 
with the aid of a preliminary design computer program (Ref. 5). The purpose 
of this preliminary design program is to rapidly obtain parametric variations 

I* 

of the design for a set of particular requirements. The program does not 
internally optimize the design; this is done by the user. The program takes 
as input a set of design parameters sufficient to fix the design. It then 
performs the normal preliminary design calculations to obtain both the other 
design parameters of interest and various figures of merit. Figures of merit 
include performance parameters such as speed, payload-range, direct operating 
cost, and noise annoyan j. The noise annoyance portion is the subject of 
section 3. 

2.1 Program Description 

A flow chart of the preliminary design computer program is shown in 
Figure 1. The program begins by reading input data. Various parameters which 
are independent of gross weight are then calculated: atmospheric properties, 
fuselage profile drag and constant weights. 

Then the program goes into a design procedure which is an iteration on 
gross weight, initially a gross weight is estimated from the constant weights; 
on succeeding iterations a new gross weight is found from those of the preceding 
two iterations. 

Next rotors and wing are sized. The rotor radius is found from the input 
disc loading. The wing span is based on rotor-fuselage clearance. The wing 
loading is input and the area and aspect ratio are calculated. The hover thrust 
coefficient is found, using the input tip speed and corrected for wing download. 
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Then the rotor solidity Is found using the Input thrust coefficient tc solidity 
ratio (Cj/o). 

The cruise lift to drag ratio is found from the wing and fuselage geometry. 
Then the cruise propulsive efficiency of the rotors is calculated according to 
an empirical formula from the cruise forward Mach number, the cruise tip Mach 
number, and the rotor solidity. 

Next the airplane mode best rate of climb speed is calculated. Then the 
conversion speed and airplane mode wing lift coefficient are calculated, 
corresponding to the input helicopter mode maximum advance ratio. This lift 
coefficient and the ratio of the airplane mode best rate of climb speed to 
the conversion speed are output to evaluate conversion performance. 

Then the powerplant is sized to the maximum of the requirements for 
emergency hover, conversion and cruise. The emergency hover requirement is 
for one engine out hover on a hot day at an input altitude. The conversion 
requirement is established by an input conversion power factor (labelled 
"Excess Factor Hel Mode" in the output) which is the ratio of conversion 
power desired to normal hover power. Power is corrected for temperature, 
altitude, forward speed and r.p.m. It is assumed that the engines operate 
at rated r.p.m. in hover and a penalty is accepted for any reduction in r.p.m. 
in the airplane mode. This completes the selection of design parameters. 

The aircraft is then flown through the design mission to find the fuel 
consumed. The assumed mission profile consists of ten phases: takeoff, 
acceleration and conversion to the airplane mode, airplane mode climb, accelera- 
tion to cruise speed, cruise, airplane mode descent, deceleration and conver- 
sion to helicopter mode, hover, landing, and reserve. The portion which is 
independent of cruise altitude is done separately, so that it will not be 
repeated in the stage length variation later. The fuel burn rate is corrected 
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in each phase for power setting, r.p.m., forward speed and altitude. Optional 
provision Is made for the aircraft to obey the FAA speed limit of 250 kt. IAS 
below 10,000 feet. If the aircraft has more Installed power than that required 
for cruise at design cruise speed, and if the drive system and rotor limits 
permit, then the aircraft Is allowed to cruise faster, up to these limits. 

Cruise fuel ■'s calculated according the Breguet method. 

Then the component weights are calculated. Both the rotor and drive system 
weights are taken to be the highest resulting from helicopter mode and airplane 
mode hover coning angle exceeds 8.5°, weight is added to approximate tip weight 
and blade weight necessary to reduce coning to this amount. Here It is assumed 
that the rotor is of th^ uimballed type having a first flatwise bending mode 
frequency of 2 per rev. The wing weight Is Independent of flap area, but Is 
adjusted for the lift coefficient required in conversion. 

Now the component weights and fuel weights are summed, which results In 
a new gross wleght. If the difference between the new and old gross weights 
is greater than ten pounds, the design procedure goes throught another cycle. 
When the iteration is complete, the parameters describing the final design are 
printed. 

The vehicle is then flown uirough various input stage lengths which are less 
than the design range, with appropriate input cruise altitudes. The time, 
distance and fuel for each stage is calculated and printed. Then the program 
calculates the direct operating cost (DOC) for each stage length, by category, 
and prints this out. The DOC is calculated according the Lockheed/New York 
Airways formula. (Ref. 6) 

2.2 Calibration 

In order to calibrate the computer program, the program was used to produce 
approximations of two evi sting tilt rotor designs. These were the Bell D302 
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(Ref. 7) of 44,100 1 b. gross weight and the ','ertol 215 (Ref 8) of 67,000 lb. 
gross weight. These designs were picked because they represent the experience 
of two different firms and they are near the middle of the size range of Interest 
Both were configured as transport aircraft. However, they were designed to 
meet military requirements which compromised their effectiveness as commercial 
aircraft. By making allowances for the military requirements In the inputs 
to the computer program, good agreement with the original designs was obtained. 
Both of these designs are intended to represent approximately 1975 technology, 
and therefore the values of the technology factors which gave the best agreement 
in the calibration were considered to be 1975 values. 



3.0 Noise Evaluation Procedure 


3.1 Departure Path 

After the direct operating cost portion of the computer program, the de- 
parture trajectory to 10,000 feet altitude Is calculated In detail. The result 
Is a time history of the distance, altitude, flight path angle, thrust and 
rotor tilt angle relative to the flight path. This history then Is Input to 
the noise annoyance calculation. 

The departure path Is shown schematically In Figure 2. (This path Is 
Intended to be an approximation of the minimum trip time path with the obstacle 
clearance constraint.) Throughout this path, acceleration Is constrained by 
power available. The» e are three other constraints for passenger comfort. 

The acceleration builds up smoothly over a specified time to Its allowable 
Input maximum, which is used for all phases of flight. The rate of rotation 
of the acceleration vector after obstacle clearance is specified. Finally, 
the maximum fuselage pitch angle is specified. 

To determine the departure path prior to the airplane mode climb, the 
program considers steps In velocity, of input size, and calculates the accelera- 
tion magnitude according to the routine shown In Figure 3. The rotor tilt angle 
is first found from the balance of forces perpendicular to the acceleration vec- 
tor and the power limited acceleration magnitude is found from the force 
balance parallel to the acceleration vector. If the power limited acceleration 
is larger than the allowable acceleration, the force balances are set up again 
and solved for the thrust and a new tilt angle. The time, distance, altitude, 
and flight path angle are found from the acceleration and velocity. The forces 
and angular relationships are shown In Figure 4. The nomenclature is given in 
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Table 1 

Conversion Nomenclature 



Symbol 

Computer Output 
Label 

Description 


V 

VEL 

Freestream Velocity, ft/sec 

V ind 

not shown 

Induced Velocity of Rotors, ft/sec 

THRUST 

THRUST 

Total Rotor Thrust, lb. 

HFORCE 

Not shown 

Total Rotor In-Plane Force, lb. 

L wgo 

LWGO 

Lift of Wing Portion not Influenced 
by Rotor Flow, lb. 

L wgi 

LWGI 

Lift of Wing Portion Influenced by 
Rotor Flow, lb. 

L wg 

LWG 

Lift of Wing, lb. 

D wgo 

DWGO 

Drag of Wing Portion not Influenced 
by Rotor Flow, lb. 

°wgi 

DWG I 

Drag of Wing Portion Influenced by 
Rotor Flow, lb. 

D wg 

DWG 

Drag of Wing, lb. 

D nac 

DNAC 

Drag of Nacelles, lb. 

D ig 

DLG 

Drag of Landing Gear, lb. 

D n 

DFUST 

Drag of Fuselage and Tail, lb. 

Y 

GAM 

Flight Path Angle, deg. 

"P 

ALP 

Angle between Rotor Mast and Freestream 
Velocity, deg. 

e 

THE 

Angle between Wing Zero Lift Line 
and Horizontal, deg. 

a wgo 

AWO 

Angle of Attack of Wing Portion not 
Influenced by Rotor Flow, deg. 

a v 

ALV 

Wing Angle of Attack Change Induced 
by Rotors, deg. 



A simple model is used to predict the performance of the rotor and wing 
through the complete range of rotor tilt angles. Elementary helicopter blade 
element and momentum theory formulae are used to find the rotor thrust, since 
the advance and inflow ratios are not large. To predict the wing forces, it 
is assumed that the flow through the rotor is fully developed when it reaches 
the wing. Hence the portion of the wing that is influenced by the rotor is 
that portion which is overlapped by the inner half of the disc area. On this 
portion of the wing the total slipstream velocity is assumed to be the vector 
sum of the freestream velocity and the fully developed induced velocity of the 
rotor. The optimum flap deflection cannot be conveniently found, so it is 
assumed to be equal to the flight path angle. The aircraft is assumed to be 
pitched up to the input maximum, or until the angle of attack of the rotor- 
influenced portion of the wing is 3° less than stall, whichever is less, until 
the aircraft reaches the speed where the wing lift is equal to the gross weight. 

Conventional fixed wing methods are used to calculate performance at the 
beginning of the airplane mode climb and at 10,000 feet altitude. 

3.2 Arrival Trajectory 

The arrival trajectory is calculated in a manner analogous to the departure 
trajectory. Again the result is a table of time, distance, altitude, flight 
path angle, and rotor tilt angle relative to the flight path. The noise annoy- 
ance calculation is then repeated using this data. Finally, the annoyance for 
one departure operation and the annoyance for one arrival operation are added 
to give total annoyance. 

The arrival path is shown schematically in Figure 5. This path is intended 
to be representative of realistic tilt rotor approach paths under instrument 
flight rules, assuming no fail-safe guidance or stability augmentation devices 



FIGURE 5: ARRIVAL PATH SCHEMATIC 
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are available. This path is not simply a reversal of the departure path for 
several reasons. Some deceleration is required in the airp 1 ne mode prior to 
conversion because the airplane mode descent speed is higher than the airplane 
mode climb speed. 

Deceleration to 200 knots must occur at or above 3,000 feet in order to 
comply with FAA speed restrictions within five miles of airports having control p 

towers. It is desirable to continue in the airplane mode as long as possible 
to minimize trip time. Also, the maximum deceleration during the deceleration 
and conversion phase is too sl^w if the aircraft is permitted to descend at the 
same time. Hence, the deceleration and conversion is at 1,500 feet. The final 
helicopter mode approach phase must be at constant speed and at a shallow angle 
to prevent the rotors entering the vortex ring state, to avoid excessive pilot 

workload, and to allow a reasonable missed approach procedure. 

1 

In the straight line deceleration phases, the deceleration is always 
along the flight path and may not exceed the input maximum. The deceleration 
is smoothed as is done for the departure trajectory. 

The trajectory for the airplane mode phases is calculated using conventional 
fixed wing methods. The airplane mode deceleration phase is divided into an 
input number of steps in velocity. The deceleration at each velocity is found 
using a routine shown in Figure 6. The descent and deceleration phases are 
joined by circular arc path segments. 

The remaining phases of the arrival trajectory are handled in a way very 
closely analogous to that of the departure trajectory. The deceleration phases 
are each divided into an input number of steps and the descent phases are 
represented by points at each end. The first point in the deceleration and 
conversion phase is calculated using the airplane mode deceleration routine. 

At all remaining points the conversion and helicopter mode deceleration 
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FIGURE 6: FLOW CHART FOR AIRPLANE MODE DECELERATION 




routine shown in Figure 7 is applied, whether or not there Is deceleration. 

The pitch altitude is kept constant at the value required to keep wing lift 
equal to weight at the first point of the phase throughout the deceleration 
and conversion phase. During the circular arc that follows the aircraft is 
pitched down to obtain the input maximum downward fuselage angle, and this 
altitude is held through to hover. During the final vertical descent the 
aircraft is rotated to 3° nose up for landing. The minimum practical power 
during conversion and helicopter mode phases is assumed to be 20 percent of the 
induced power in hover, following Reference 2. Flap deflection is scheduled 
according to dynamic pressure, being 0° at 250 knots indicated airspeed and 
90° at 0 knots. 

3.3 Noise Measure 

The noise measure used in this work is essentially the same as employed 
in a previous study on this topic (Ref. 16). Predicted noise output (Sound 
Pressure Level) is referenced to points on the ground allowing for absorption 
and attenuation. Time and octave band distributions are combined to form 
loudness. EPNdb is the best generally accepted measure for comparing noise 
of different types. EPNdb is converted by the following formula to annoyance: 

annoyance = 10 (EPNdb ' t>ackground)/33.2 

The annoyance over a surrounding population is summed for both departure 
and landing to calculate the total noise impact. 

This annoyance measure is based on the following principles: 

1) a noise 10 db louder is twice as annoying 

2) a noise quieter than the background level produces no annoyance 








♦» 


20 


3) the total annoyance resulting from two people listening to a noise 
Is twice the annoyance of one person listening to the same noise. 

Figure 8 shows the small airport and the buffer zone included in the 
analysis. Otherwise a constant population distribution is assumed. If nine 
out of ten vertlport sites had an approach free from residential population 
then different ground population assumptions would be appropriate. Different ft 

vehicle designs would result. 

3.4 Noise Prediction Techniques 

3.4.1 Tactical Approach 

A detailed calculation of the noise at 300 different time intervals for 
9 octave bands at 1300 ground reference points did not appear practical. 

Instead, interpolation was used between detailed calculations which covered 
variations in distance, viewing angle, closing speed, and thrust. Interpolation 
was not linear, but rather associated with functional shapes appropriate to 
the phenomena. Accuracy within one or two decibels was generally attained, 
with greater errors occurring only in extreme cases for the noisiest vehicle. 

3.4.2 Noise Prediction Formula 

Vortex noise was predicted in the same manner as in the previous work 
(Ref. 16). The sound pressure level formula was derived from Schlegel et al. 

(Ref. 10): 

7.62 x 10' 2 T 2 (V t1p ) 2 


L p = 10 log 


at 300 feet. 




General Use 
Cutoff = 70 PNdb 


Pig. 8 Land use plan 
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Peak frequency was calculated by: 

f □ V/ 

peak tlp/c 

Directionality was calculated by the formula: 

DIR ° 10 log in .9 0S 1 t 

1U 0.21 

P 

Rotational noise was found to be significant for the lower octaves In 
all designs. The prediction method was developed entirely from the work of 
Ollerhead and Lowson (Ref. 9). The appendix to Reference 9 provides a graphi- 
cal method for predicting the sound at several harmonics of the blade passing 
frequency. The sound pressure level is 

To 

SPL « I n + 10 log 1(J i? 

where I is a value obtained from Figure 29 of Reference 9 using the appropriate 
viewing angle and effective blade Mach number. 

Following the lead of Ollerhead and Lowson in Reference 9, no change !n 
the fall off of SPL with harmonic number was made for changes in advance ratio. 

Although there is little knowledge of the exact nature of the decrease of rota- 
tional noise with greater advance ratios, it is generally assumed that this 
phenomenon exists. Although Schmit, Stepniewski, et al . (Ref. 2) have presented 
one correction on the basis of the available evidence, it was not employed in 
the current work. First, the correction is small for the range of operations in 
this work. Second, the correction is smallest for the lower harmonics of blade 
loadings. In the tilt rotor designs studied, vortex noise dominates the higher 
harmonics, so errors in rotational noise in these frequencies are unimportant. 

3.4.3 Mirimum Noise Levels 

It appears from work by Widnall (Ref. 11) and also by Leverton (Ref. 18) 
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as well as unpublished experimental data at M.I.T., that below thrust levels 
In the neighborhood of 70% of design thrust, noise levels do not decrease 
with thrust. Wldnall bases this cutoff on blade C^. Noise levels experienced 
in this condition are a combination of vortex and rotational noise. No Infor- 
mation as to the relative Importance of the two Is available. The conditions 
at the cutoff thrust level were used for all lesser thrust level In this study. P 

Vortex noise at zero thrust would seem to come from drag, and rotational 
noise from higher order loadings, which are not zero even when the mean thrust 
Is zero. 

The formula suggested by Reference 11 for the minimum thrust Is: 

U, ° ’- 5 ' A b <w ,00 > 2 


3.4.4 Blade Slap 

When blade slap exists, It is the dominant noise pattern for existing 
helicopters. Unfortunately, while crude prediction methods exist for vortex 
and the lower levels of rotational noise, there are no good estimates of 
levels of noise from blade slap. 

The noisiest design studied here most probably experiences blade slap in 
descent. The quieter designs may well avoid it due to drastically reduced 
tip speeds. In any case blade slap is so loud and so annoying that it Is 
unlikely that any commercial tilt rotor vehicle will operate which produces 
this phenomenon. The ground rules for the study eliminated blade slap from 
consideration, and no attempt to predict the noise from blade slap was made. 
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4.0 Study Method and Ground Rules 

4.1 Variations 

The basic variation consisted of five aircraft designs of 1980 time frame 
having 50 seats. These vehicles ranged across the spectrum of possible 
noise levels, from completely unconstrained to the quietest vehicle that could 
be designed within the study ground rules. The aircraft designs generated 
in this study are designated by codes consisting of a letter mnemonic indica- 
ting the noise class, a number indicating the time frame arid a number indicating 
the size in terms of passenger seats. The noise goals that were used for 
design optimization were in terms of total annoyance calculated by the computer 
program. The goals are arranged so that adjacent designs differ in annoyance 
by about a factor of five. The basic variation aircraft and their noise goals 
are shown in Table 3. The parameters that were varied to find the minimum DOC 
aircraft for each noise goal are shown in Table 4, along with the approximate 
range over which they were varied. The final optimal values of these parameters 
are given in Table 10, section 5. 

In size the basic variation was repeated for sizes of 20, 80 and 110 seats. 
The gross weight did not converge for S-80-110, as discussed in Section 5, so 
it is not included here. In time the basic variation was repeated for time 
frames of 1975 and 1985. In this study, the time frame is intended to be the 
year of initial prototype flight testing, with airline service following 
two to five years later. The values of the parameters which were changed 
to produce the size and time frame variations are given in Tables 5 and 6, 
respectively. The 1975 values of the parameters used in the time frame varia- 
tion are based on the calibration of the computer program as discussed in 
Section 2. The 1980 and 1985 values were derived extrapolating historical 
trends arid knowledge of projected technological developments. The optimality 



Table 3 


Basic Variation Noise Ranges 


Designation 

Mnemonic 

Approximate Noise Range 
Arbitrary Units 

C-80-50 

Conventional 

Unconstrained 

M-80-50 

Modern 

9 

Q-80-50 

Quiet 

3 

D-80-50 

Double Quiet 

1.5 

S-80-50 

Silent 

Minimum 


Table 4 Design Optimization 

Parameters 



Parameter 

Units 

Range 

Cruise Speed 

mph 

260-425 

Disc Loading 

lbs/ft 2 

5.5-14 

Helicopter Mode Tip Speed 

ft/sec 

350-850 

Airplane Mode Tip Speed 

ft/sec 

350-600 

Wing Loading 

lbs/ft 2 

50-100 

Conversion Power Factor* 


1.20-1 .70 


* Ratio of power desired in conversion to that required in a normal hover. 
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Table 5 Design Parameters Varied with Time Frame 


Parameter 

1975 

1980 

1985 


Rotor Hover Efficiency 

0.83 

0.85 

0.37 


Rotor Conversion Efficiency 

0.81 

0.33 

0.85 


Specific Fuel Consumption , 

0.42 

0.40 

0.38 


lb/hp. hr. 

Airframe Weight Technology 

0.80 

0.78 

0.76 


Factor 

Rotor Weight Technology 

1.05 

1.00 

. 95 


Factor 

Drive System weight Technology 0.85 

0.83 

0.81 


Factor 

Engine Power/Weight, hp/lfa 

7.0 

8.5 

10.0 



C 



cl 


of the values of the optimization parameters found in the basic variation 
was checked by varying each of these parameters singly for extreme points 
of the size and time frame variations, namely C-75-20, C-80-110, S-8O-0C, 
C-75-50, and S-85-50, S-75-50, and S-85-50. No significant Improvements 
could be found so these parameters were kept constant for each noise class 
throughout the size and time frame variations. 

In all the previous variations the departure obstacle clearance path was 
kept fixed at 60° to 100 feet. In order to assess how this choice of path 
might affect the results, the departure obstacle clearance path was varied. 
Eight other departure paths were considered with obstacle heights of 50, 100 
and 200 feet and obstacle clearance angles of 30°, 60° and 90°. It was found 
that the basic variation aircraft did not have sufficient power in the conver- 
sion phase to execute the departure paths having greater obstacle heights or 
steeper obstacle clearance angles. The reason for this is the assumption in 
the departure path calculation that the vertical speed built up in the obstacle 
clearance phase is maintained through the acceleration and conversion phase. 

The higher paths require that conversion be executed while maintaining a 
greater vertical speed requiring extra power which the basic variation aircraft 
do not have. Therefore the path variation was accomplished using a more 
powerful aircraft, QP-80-50. This design is similar to Q-80-50 but the con- 
version power factor has been Increased from 1.40 to 2.00. 

Finally a hovering case was run to develop a standard level of total 
annoyance. A vehicle was found which generated 95.0 PNdB at 500 ft. distance 
while hovering at 100 ft. altitude. This is approximately the noise level of 
the Vertol 347 helicopter. Then this vehicle was hovered over the center of 
the vertiport for one minute at 100 ft. altitude to obtain a standard level 
of total annoyance. All gross levels of annoyance produced by other vehicles 
were divided by this value to obtain relative annoyance, which is used for all 
plots. 
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4.2 Constraints 

Several constraints, which are external to the computer program, were 
obeyed during the variations described above. A rotor solidity of 0.25 
was considered the arbitrary maximum.. The wing aspect ratio was kept below 
8.0 to avoid aeroelastic problems. The wing loading was kept above 50 to 
permit reasonable ride quality. Finally the conversion speed was not per- 
mitted to be less than two thirds of the airplane mode best rate-of-cl imb 
speed, in order to have an adequate conversion corridor. 

4.3 Constants 

The values of significant constants which were used throughout the study 
are shown in Tables 7, 8, 9 and 10. Complete data on all the aircraft designs 
discussed in this report is presented in Appendix 1. Direct operating cost 
was calculated at a variety of stage lengths. The cost over two 200 mile 
segments, with the engines not shut down at the intermediate stop, was 
selected as representative of typical high-density short haul operations. 

DOC is in 1973 dollars. 
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0.21 

0.70 
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Depreciation Period, yr. 

13 

Residual Value, % 

n 

<J 

Airframe Cost, $/ib. 

SO 

Engine Cost, $/hc. 

60 

Fuel Cost <?/gal. 

13 

Hull Insurance Rate, % per yr. 

4.0 

Maintenance Labor Rate, $/hr. 

7.00 


Table 9 

Departure Path Constants 



Parameter 


Value 


Max. Fuselage Pitch Angle , deg. 20 

Max. Accel. Vector Rotation Rate, deg. /sec. 20 

Acceleration Buildup Time, sec. 5 

Obstacle Clearance Angle, deg. 60* 

Obstacle Clearance Height, ft. 100* 


^Except in Path Variation 



V. *1 
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Table 10. Arrival Path Constants 

Paramete r Value 

Max. Downward Fuselage Pitch Angle, deg. 10 

Deceleration Buildup Time, sec. 5 

Altitude of Airplane Mode Deceleration, ft. 3000 

Altitude of Deceleration and Conversion, ft. 1500 

Speed at End of Airplane Mode Deceleration, kt. 200 

Final Approach Speed, kt. 60 

Final Approach Path Angle, deg. 


8 
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5.0 Results and Discussion 

5.1 Overview 

A very small sacrifice In direct operating cost can reduce the annoyance 
of tilt rotor vehicle operations from a quite substantial level to a very 
modest amount. However, eliminating all annoyance Is technically very difficult 
and simultaneously quite expensive. Silent designs, when possible, repre- 
sented a 30% increase in DOC. 

Figure 9 illustrates this relationship for fifty seat vehicles in the 
1980 time frame. The conventional, modern, quiet, and double quiet vehicles 
(C, M, Q, and D respectively) have almost the same cost. Yet, the annoyance 
ranges from 25 to 1 . 

Table 11 describes more completely the vehicles under discussion. The 
process of quieting is to reduce disc loading and hover tip speed. Even 
though the arrival sideline noise is several decibels below that of departures, 
arrival annoyance is the greater number due to the lower flight angle and 
subsequent longer footprint on arrival. 

There is little change in the relationship with changes in technology 
level as represented by the year of first prototype. Figure 10 shows 
identical curves for the different time frames, although displaced by approxi- 
mately $1.00 per seat trip which is saved on each vehicle by the changes in 
weights and efficiencies. 

Small vehicles tend to be quite expensive, as well as a little noisier 
than large vehicles of similar deisgn. Figure 11 suggests that vehicles with 
80 seats have attained most of the economies of vehicle size which might be 
available without creating excessive amounts of noise. 

It must be noted that large vehicles of very quiet design (the S-80-110 



Figure 9: Basic Variation, DOC vs Relative Annoyance 
1980 TINE FRAME 



RELATIVE ANNOYANCE 
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Table 11. Charactersi tics of Basic Variation Aircraft 



C 

M 

0 

D 

S 

EPNdb @500' Sideline 
Departure 

107.6 

99.4 

93.8 

91.1 

80 

Arrival 

105.7 

94.5 

91.0 

87.6 

80 

Relative Annoyance 

Departure 

16.6 

3.22 

.86 

.40 

0 

Arrival 

20.9 

5.61 

2.15 

1.14 

.021 

Total 

37.5 

7.72 

3.00 

1.55 

.021 

DOC, $/Seat Trip for 

Two 200 Mile Trips 

14.20 

14.29 

14.02 

14.99 

19.07 

Disc Loading lbs/ft 2 

13.0 

10.0 

8.5 

7.0 

5.5 

Radius 

22.9 

26.2 

28.7 

32.0 

39.3 

Solidity 

0.093 

0.093 

0.098 

0.087 

0.174 

Tip Speed, hover 

800 

700 

630 

607 

380 

Tip Speed, cruise 

570 

550 

540 

540 

380 

Wing Loading 

102 

84.0 

72.0 

62.0 

52 

Cruise Speed 

446 

427 

411 

401 

323 

Gross Wt 

42883 

43006 

44115 

45116 

53479 

Fuel Wt 

4430 

3921 

3746 

3633 

3795 

Cruise L/D 

9.78 

9.91 

9.93 

9.94 

13.15 

Number of Blades 

3 

3 

3 

3 

6 

Conversion Power Factor 

1.3 

1.25 

1.4 

1 .4 

1.5 


Aspect ratio = 8.0; Payload = 10,500 lbs; Capacity = 50 seats 



Figure 10 : Time Frame Variation 
50 SEAT VEHICLE 



RELATIVE ANNOYANCE 



Figure 11: Size variation, DOC vs Relative Annoyance 
1980 TIME FRAME 



RELATIVE ANNOYANCE 
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vehicle) may be Impossible. The design program Increases structural weight 
with Increases In gross weight. The large and heavy rotors on this S vehicle 
cause structural weight Increases. This Increased the gross weight without 
bound. It Is this effect, basically an example of the cube-square law, 
which forces the bend upward in the total operating cost line for silent 
vehicles in Figure 12. Otherwise, total operating cost seems to be linear 
with size. 

5.2 The Quiet Designs 

The basic mechanism for quiet tilt rotor designs Is a reduction in the 
hover and tip speed. This has the effect of reducing both vortex and rota- 
tional noise. The lower blade passing frequencies also push the rotational 
noise into the lower ranges of human hearing, where people do not hear as 
well. Table 11 shows that hover tip speeds are reduced from 800 to 600 
feet per second. 

The other major modification is a steady reduction in disc loading. 

The combination of this and the tip speed reduction requires larger and 
heavier rotors, which increases costs. However, improved cruise and hover 
efficiencies compensate somewhat for the slower and heavier vehicles, and 
the cost rise is not severe. 

The constraints on wing design are: 1) the aspect ratio should not rise 
above 8, to assure structural roundness; and 2) that the tip rotors clear 
the fuselage by a foot. These rules drive the quieter designs to larger 
wings and lower wing loadings as noted in Table 11. This is a consequence 
rather than an objective of the quieting process. 

As tip speeds in hover are reduced, a modest reduction in cruise tip 
speeds is useful, along with a minor sacrifice in cruise speed. These 
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tradeoffs are in part controlled by the growth of the wing, which forces 
slower cruise speeds even at some sacrifice in cruise times and thus DOC. 

The number of blades in all designs is at a minimum, and the noise for 
increased numbers of blades would be much higher. Any increase In blades 
Increases the blade passing frequency, which drives rotational noise upward 
toward sensitive aural ranges. In order to avoid this effect, no increase 

t> 

In solidity is sought as vehicles become quieter. This is counter to the 
tradeoffs dependent entirely on vortex noise as given by Reference 16. 

It is this same reduction In blade passing frequency in the larger designs 
which explains the very minor reduction in rjise annoyance of larger vehicles. 

Apparently, it more than makes up for the increase in thrust. 

5.3 Characteristics of the Annoyance 

The annoyance on approach is far greater than that of departure, particu- 
larly for the quieter designs, because the low approach path exposes more 
ground area to noise. The modest changes in departure annoyance with flight 
oath that are illustrated in Figure 13 do not have a large influence on the 
total annoyance, or the DOC. 

From a systems view the noise per seat can be made quite small for the 
larger designs. It would appear that a quiet or double quiet design in the 
80 passenger range can be both economical and quiet. While the 110 passenger 
design is quieter still, its use would reduce frequency of service. The noise 
per seat is illustrated in Figure 14. This statistic is somewhat misleading, 
since it is usually impractical to substitute one large aircraft for two 
departures of smaller aircraft. 

It is interesting to note that annoyance, measured as the sum of the number 
of people annoyed weighted by the degree of annoyance, is sensitive to only 
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FIGURE 13: FLIGHT PATH VARIATION 
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Figure 14: Relative Annoyance per Seat 

1980 time frame 
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modest reductions in sideline noise measurements. Figure 15 shows relative 
annoyances being reduced by one quarter when noise at the sideline is halved 
(reduced by ten decibels). 



Figure 15: DOC vs Sideline Noise 



Epndb Departure Sideline Noise at 500' 
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6.0 Conclusions 

Preliminary design studies suggest that the noise annoyance of commercial 
tilt rotor vehicle operations can be either substantially reduced or nearly 
eliminated. Significant reductions in tip speeds and disc loadings appear 
to be possible without undue sacrifices in operating costs. The resulting 
noise levels are not much above background noise levels for reasonable 
departure and arrival trajectories. 



Table 12. "Conventional 1 Venicle Designs (c) 




1980 

^ . _ 


50 : 

seats 


r 







20 

50 

80 

110 

1975 

1985 

DOC per seat, two 







200 mi . hops: 

$24.12 

$14.20 

$12.11 

$11.70 

$15.12 

$13.65 

DOC per seat mile 

0.0421 

0.0250 

0.0213 

0.0208 

0.0266 

0.0241 

DOC per seat departure 

3.35 

1.90 

1.63 

1.57 

2.04 

1 .83 

Total Annoyance 

45.2 

37.5 

36.4 

33.1 

38.4 

37.3 

departure " 

28.2 

16.6 

17.1 

16.1 

15.7 

15.8 

arrival " 

27.0 

20.9 

19.4 

17.0 

21 .7 

21.5 

EPNdb at 500' sidel ine 







departure 

108.3 

107.6 

107.7 

107.6 

107.4 

107.3 

arrival 

106.8 

105.7 

105.8 

105.7 

105.8 

105.9 



Table 13. 


Modern" Vehicle Designs (M) 



50 seats 



20 

50 

80 

no 

1975 

1985 

DOC per seat, two 200 

mile hops: 

$24.28 

$14.29 

$12.19 

$11 ..74 

$15.18 

$';3.74 

DOC per seat mile 

0.0429 

0.0255 

0.0217 

0.0209 

0.027 

0.0246 

DOC per seat departure 

3.25 

1.85 

1.57 

1.51 

1 .96 

1 .77 

Total Annoyance 

10.25 

8.81 

7.72 

6.70 

8.59 

9.58 

departure " 

3.4 

3.22 

2.8 

2.5 

3.3 

3.5 

arrival " 

6.8 

5.61 

4.9 

4.2 

5.3 

6.1 

EPNdb at 500' sideline 

departure 

99.9 

99.4 

99.6 

98.1 

99.4 

100.1 

arrival 

97.5 

94.5 

93.9 

93.6 

94.1 

96.6 



• « c 




$ 12.66 

$ 12.21 

$ 15.60 

$ 14.10 

0.0229 

0.0220 

0.0281 

0.0255 

1.57 

1.52 

1 .95 

1.76 

2.31 

1.76 

2.93 

3.11 

0.7 

0.6 

1 .01 

1.0 

1.6 

1 .2 

1.9 

2.1 

92.5 

91.6 

93.6 

98.9 

89.0 

87.8 

90.5 

90.8 



Table 15. "Double Quiet" Vehicle Designs (D) 


20 


DOC per seat, two 
200 mile hops: 

$25.37 

DOC per seat mile 

0.0454 

DOC per seat departure 

3.27 

Total Annoyance 

2.05 

departure " 

0.5 

arrival " 

1.5 

EPNdb at 500' sideline 
departure 
arrival 

91.7 

88.1 



1 _ 9 Q 0 


50 

seats 

~ 5 o " 

80 

no 

1975 

1985 

$ 14.99 

$ 13.12 

$ 12.84 

$ 16.10 

$ 14.62 

0.0273 

0.0239 

0.0233 

0.0291 

0.0265 

1 .82 

1.58 

1 .55 

1.97 

1.81 

1.55 

1.04 

0.61 

1 .51 

1 .56 

0.40 

0.3 

0.2 

0.4 

0.5 

1 .14 

0.7 

0.4 

1.1 

1.1 

91.1 

87.6 

89.4 

85.2 

88.3 

83.9 

90.8 

87.2 

91.0 

87,4 



Table 16. "Silent" Vehicle Designs 

(5) 




1980^ 



50 seats 

20^ 50 

80 

no 

1975 1985 


DOC per seat, two 


200 mile hops: 

$30.93 

$19.07 

$19.80 

00 

$18.43 

$21.13 

DOC per seat mile 

0.0592 

0.0366 

0.0384 

- 

0.0406 

0.0356 

DOC per seat departure 

3.20 

1.96 

1 .98 

- 

2.17 

1 .85 

Total Annoyance 

0.0405 

0.021 

0.004 

- 

0.025 

0.020 

departure " 

0 

0 

0 

- 

0 

0 

arrival " 

0.045 

0.021 

0.004 

- 

0.025 

0.020 

EPN db at 500' sideline 

departure 

75.8 

<80 

<80 

- 

< 80 

<80 

arrival 

72.1 

<80 

<80 

- 

< 80 

<80 
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Appendix 1: Computer Output for All Designs 
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Appendix 2: Noise Maps for Basic Variation Aircraft 
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gp-ao-so - So' 6o° 

TIKE HISTORY AT 500 FT SIDELINE 

TIKE- 1.5 A. 5 7.5 10 .5 13.5 16.5 19.5 22.5 25.5 28.5 31.5 36 t §_37 

PNL • 85.8 86.6 06.9 08.9 92.0 91.9 90.0 86.3 00.9 75.0 69.3 66.8 60.6 

NOISE - FOOTPRINT IN EPNDB. FLIGHT DIRECTION DOWN THE PAGE. 250 FT. GRID 

72.7 71.0 71.6 71.1 70.6 60.5 65.2 0.0 C.O 0.0 

76.6 76 .6 76 ,2 7 3.7 . 72 . 6_7 l. 0. JO . 2 .65 . 2 0.0 _Q.O . 

76.3 75.8 75.5 76.9 76.2 72.9 72.1 70.2 66.9 0.0 

78.7 78.5 78,0 77.1 75.6 76. 5 .73.0 .72 .0 69. 9... 0.0. 

Gif i'V- v 00,5 80.2 .79..6 78..L..77 .8 . 75 .9 76. 5..72 . 8 J 1.7. 66 . 0. . 

82.7 82.2 81.6 80.3 79.0 77.8 75.7 76.5 72.2 69.8 p 

86.0 83.2 81.0 75.6-80,3 .78.8 77. l_75. 1 .7.2.7...71 .6. 

. ee.9__8.7. 5.86.1 81 ., l. 81 ,.5. . 7.9 ., 7._70*O .75 » 6_73.fJ_7l. ».7_ 

87.7 03.9 82.6 80.5 70. 5. 76.0 76.0 72.6 
, 89,6.. 05.0 03.3 61.0 79.0 76.0 76.1. 72.6, 

9O,6_85,0._83..6_8l,.2 _79,2_76,9. 7.6.. i..70.9_ 

90.0 85.6 83.6 01.1,79.0 76.6 76.6 70.8 

97.0 93.6 00. 0 05. 3. .63, 5 01,2 79.2. 76.6 76.2 71.9 
96.9 91.7 88.1 66.6 83 . 1..8 1 ,Q_78 ,_9_.76 .0. 76 .6 .7.1.9. 

92.8 90.6 87.5 06.9 82.7 80.7 78.3 76.6 76.3 72.3 

91.3 08.6 86.1 83.8 01.7 79,5. 77.0 75.6 73.8 68.5 

88.8 07.0 86.8, 82.7.80.6 78.9 .77.3 75 .9 .72.0 68.2 

87.8 05.3 83.2 81.3 79.6 78.1 76.6 ,73.9, 70.5 65.1 

05.6 86, ,1 82.6 80.0 79.3,77.9 76.6 76.1 72.3 0.0 

86.2.83.6 .01.0 80.3 ,78.8_,7,7.3 7? , 8._J 3 . 7_71, L. .0. 0 

83.6 8?. 6 81.1 79.7 78.2 76.8 75.6 72.6 68,0. ,0.0 

36.3 82.6 00.8 79.3 77 .9_76. 6, 76 , 7. .7 1 , 5 0.0. .0,0. 

86.2 82.5 80.8 79.3,77.8 76 ,.0.7.6. 2_ 7,2.6., . 0.0 _ 0 .0, 

66.3 82.9 81.0 79.2 77.7 75.8 76.5 72.5 66.8 0.0 

53. 6 82.5 80.8 79.1 77.5 76.0 76.1 7U3 68.3 0.0 

82.5 81.6 80.6 78.8 77.1 75.7_73.8 71.5 68.7 ,0.0 

81. C 8C.6 79.6 78.0 76.8 75.1..73.0 70.7 69.0 65.0. 

80.1 79.5 78.5 77.1 75.8 76.1 72.9 70.6 69.1 65.6 

70.7 78.1 77.6 75.7 7,6. 7_73_.7 71. 6,70. 2_69.0_65.5 

77.3 76.9 75.9 76.8 73.5 71.9 70.9 69.8 66.6 65.5 

76.5 75.9 76.6 72.6 71.9 71.1 70.3 69.6 66.6_65.6 

7 A . 8 76.3 73.5 71.7 71.1 70.6 69. 7 66.9 66. 1 65.2 

73.9 72.8 72.2 70.8 70.3 69,8 69.2 66.6 65.7,66.9 

73.6 72.7 71.6 70.0 69.6 67.1 66.5,65.9,65.2 .0.0 
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TIME HISTORY AT 500 FT SIDELINE 

TIHE<* 1.5 4.3 7.5 10.5 13.5 16.5 

PNL * 83.8 86.5 87.2 89.6 93.0 92,6 


*4.5 22.5 23.5 

91.0 88.0 86.0 


28.5 

78.7 


31.5 

72.8 


36.5 37.5 60.5 61.5 

66.7 62.6 60.1 37.8 


ft 


NOISE FOOTPRINT tN EPNOO. FLIGHT 0IRECT10N DOWN THE PAGE. 23C FT. GRID 

76.0 73.9 73.1 72.7 72.2 70.6 69.9 0.0 0.0 0.0 


76.0 75.7 73.3 76.9 76.6 72.6 71.9 70.0 0.0 0.0 


77.1 76.9 76.5 75.6 75.0 76.2 73.5 71.9 69.0 0.0 

79.5 79.3 70.6 77.5 76.5 75.3 76.6 73.5 71. 1 . Q.O 

01.6 01.0 00.6 79.6 70.6 76.7 75.3 76.2 73.2 71.2 


03.6 Q3.1 02.3 01.2 79.9 70.7 76.9 75.0 73.0 72.6. 

85.3 86.1 02. 1 80.6,0 1, 3..J9. .8 7q. 2 , 76.6 _7 6,03 ».l_ 

05.5 02.9 02.5 00.7 79.1 77,0 75.3 73.6 

80.0 96.9 83.7 01.6 79.7 77.7 75.6 76.2 

* 

90.7 86.6 .O6.5_82,2_.0O. 1_7_0.0_76.2_Z4,6 . 




91.2 

86.6 

86.8 

02.5 

80.5 

78.5 

76.2 

76.6 

98.3 

96.7 

90.7 

06.9 

86.8 

82.5 

80.5 

78.3 

76.5 

73.3 

96.8 

92.5 

89.3 

85. 5 

86.6 

82.2. 

.80. 2. 

77.9 

75.7. 

73.2. 

92.8 

90.9 

88.1 

05.5 

86.2 

82.1 

00.0 

77.8 

75.9 

73.9 

91.7 

90.0 

87.9 

05.8 

83.7 

81.0 

79.7 

77.8 

76.0 

76.2 

90.0 

88.6 

.86.8 

86.9 

83.0 

80.9 

79.1 

.77.3, 

.7 5.2 

73.7 

88.8 

87.3 

05.6 

83.8 

01.9 

80.1 

78.2 

76.6 

76.5 

71.7 

87.2 

85.9 

86.6 

82.6 

81.0 

79.3 

77.0 

76.0 

73.7 

69.8 

85.8 

86.5 

83. 0. 

81 .6 

.79.8 

7 8.2 

7.6.0 

75.1 

_7 1.2 

66,0 

83.0 

82.7 

81.6 

79.9 

78.5 

76.9 

75.3 

72.9 

65.0 

0.0 

82.0 

81.1 

79.7 

78.6 

77.2 

75.9 

72.3 

67.9 

0.0 

0.0 

30 • C 

7 9.* 

78.5 

_77.5 

75.6 

.23*0 

,71 . 5 

,65.0 

_ 0.0 

. 0.0 

80.6 

79.3 

78.9 

77.7 

76.1 

76.2 

72.6 

0.0 

0.0 

0.0 

6 1.8 

6 C • 6 

79 . 1 

77.8 

76.2 

76.5 

72.7 

65 . 1 

0.0 

0.0 

81.6 

3C .8 

79.3 

77.7 

76.3 

76.5 

72.6 

68.7 

5.0 

0.0 

82.6 

81. C 

79.7 

78.3 

76.6 

75.2 

72.9 

69.6 

66.9 

0.0 

87.6 

6 1.2 

79.8 

73.6 

77.0 

75.3 

73.3 

7C.0 

63.3 

0.0 

62. C 

6 1.1 

79.9 

78 .6 

76 . 8 

75.1 

73. 1 

71.6 

68 . ; 

o 6 . 3 

S 1 .3 

- C . *♦ 

79.* 

73.2 

76.6 

75. 3 

73.1 

71.1 

7 C . 6 

65. 1 

3C. 3 

7 9.5 

70.7 

77.6 

76.2 

76.5 

73. 7 

71 .6 

70.6 

85.2 

79.1 

7 3.6 

77.7 

76.5 

75.6 

76.3 

72. : 

71.7 

59.3 

5 8.2 

77.8 

7 7.3 

76 . 5 

75.8 

'6.9 

73.5 

72.5 

71 , 5 

6*.3 

68.3 

76.3 

76 . 1 

7 i ,6 


"• ' *T 

2.9 

72.0 

73.1 

69.2 

60.? 
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*•.0 73.. 


pp-0 0-SO lOO 1 3e ' 

n7c history ' at 500 ft sideline 

TINE- 1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5 25.5 28.5 31.5 34.5 37.5 

PNL » 05.7 86.0 86.2 07.5 90.'5 91.7 09.1 85.0 79.4 73.2 60.2 63.3 59.0 


NCISE FOOTPRINT IN EPNOB. FLIGHT DIRECTION DOWN THE PAGE. 250 FT._Gf UD___ 

72.3 72.2 71.1,70.6 68.8 66.1 0.0 0.0 0.0 0.0 

74.0 74.6 74.3 73.3 72.1 70.5 60.3 0.0 0.0 0.0 

76.2 76.0 75.6 75.1 74,5 72.5 70.7 68.3 0.0 0.0 

70.3 7B.0 77.6 76.3 75.6 74.7 73.2 70.6 60.0, 0.0 

' ’ ' 80.3 79.9 79.3 78.5 77.3 75.7 74,6 73.1 7C.2 0.0 

j 

If .ii./jVtf ' 82.4 01.9 81.1 00.0 78,8 77.5 75.4 73.7 72.6 64.9 

ulf L-V * »• 

83.2 01.6 79.1 C.O 79.7 78.5 76.5 74.8 73.0 69.0 
07.8 86.4 83.3 79.0 80.9,79.1,77.4.75.0 73.4,71.2 

06.9 81.0 01.9 79.0 78.0 75.4 73.5 70.3 . 

88. B 03.6 82.6 BO. 4 78.3 75.6 73.6 70.4 

09.7 84.2 03.0 80.6,78.6 75. 6 73. 5 71.4 

89.7 05.0 03.2 00.8 78.8 76.2 73.7 71.4 

97.7 94.0 88.9 85.3 83.3 81.0 78.9 76.5 74.4 71.7 

95.6 92.2 88.3 04.4 83.0 80.9 78.8,76.5 75.0 72.7 

94.1 90.6 87.3 04.6 02.3 6C.2 78.0 76.4 74.2 70.7 

91.5 88.8 86.1 83.7 81.7 79.6 77.7 76.2 72.8 70.7 

89.8 87.1 8*. 6 82.5 80.4 70.7 77.2 75.2 72.4 70.4 

88.0 85.8 83.8 81.9 00.3 78.6 77.2 75.7 73.1 71.2 

87.3 85.1 83.1 81.4 79.8 70.4 76.0 74.5 72.8 69,7 

e5.C 83.7 82.1 ,80.6 79.2 77..7..76.1 74.1 72.4 0.0 

85.2 03.4 81.8 80.2 78.7 77.3 75.8 74.2 71.1 0.0 



e5.2 83.4 81.3 80.2 78.7 77.3 75. 8 74.2 71.1 0.0 

64.7 63.4 81.7 80.0 78.5 77.1 75.5 73.4 68.0 0.0 

85.4 83.4 01 .7 8C.0 78.5,76.8, 75. 1, 72.8 0.0 0.0 

06.3 84.2 82.1 80.2,78.5 76.0 ,74.9 73.6 65.5 0.0 

85.6 84.1 82.2 80.3 78.3 76.7 75.2 72.6 68.6 0.0 

84.3 63.2 81 .7 79.9 78.3 _7,6.4_74.9 . 72 .3 69.3 ...0..0 

02.8 82 . C 80.9 79.3 77 .7 76.3 74.5 72.3 69.6 68. 1 

81.2 0C.6 79.7 78.6 77,0 75.5 73.7 72.3 69.7 68.4 

50.2 79.4 78.5 77.3 75.7 74.6 73,4 70. 9 69.7 68,5 

76.7 78.2 77.3 75.8 75.0 74. C 72.5 70.6 69.5 66.0 

77.3 76.9 76.0 74.9 73.6 72.8 71,1 70.2 69.2 65.9 

76.1 75.5 74.4 73.3,72.0 71.3,70.5,69.7 68.0,65.7 

75.2 74,2 73.5 71.6 71,1 70.6 69.9 69.2 66.2 65.4 


73.7 72.7 72.1 70.7.70,3 69.9 69.3 66.5 65.8 65.1 
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” r%/-r: \s 

QUALITY 


tDELJNE 
10.5 13. 

00.9 92. 

3 16 
7 92 

.5 19.5 

.7 90.2 

22.5 

06.8 

25.5 

82.5 

20. 

77. 

5 31 
3 71 

.5 3- 

.9 6! 

. PUGHT ‘ 

QIR 6 CTI 0 N 

DOWN 

the ' page . 

250 

PT . GRID 

72.9 

72.7 

72.5 

72.1 

7 <f> 

70.0 

65. - 

0.0 

0.0 

0.0 

75.1 

75.0 

79.2 

73.8 

72.7 

72.1 

70.3 

65.2 

0.0 

C.O 

76.0 

76.3 

76.0 

75.5 

79.9 

73.1 

72.3 

71 .9 

65.0 

0.0 

78.9 

78.7 

70.2 

77.9 

76.1 

75.3 

73.9 

72.3 

71.3 

0.0 

80.9 

80.6 

80.0 

79.0 

70.0 

76.3 

75.3 

73,0 

72.0 

69.0 

83.0 

32.6 

81.7 

00.7 

79.3 

70,3 

76.2 

75.0 

73.9 

71.9 

89.1 

83.3 

81.3 

70.2 

80.0 

79.9 

77.0 

75.7 

79.0 

72,0 

89.1 

87.7 

89.8 

81.9 

82.1 

00.9 

70.0 

76.7 

79.5 

73.2 



00. 1 

89.9 

03.2 

0 1.2 

79.9 

77.2 

75.9 

73.5 

» 


90.2 

06.0 

89.1 

61.6 

79.9 

77.0 

75.7 

79.3 



91.0 

86.6 

09.6 

82.2 

80. 1 

70.0 

75.0 

79.9 



90.6 

06.3 

89.6 

02.3 

80.3 

70.0 

75.9 

79^9 

9 6.0 

92.9 

09.3 

86.3 

89.9 

82.2 

80.2 

77.9 

76.1 

73.3 

93.9 

91.3 

08.5 

85.2 

09.1 

82.0 

80.0 

77.9 

76.1 

73.8 

92.0 

90.9 

80.3 

66. 1 

89.0 

02.0 

79.8 

78,2 

76.6 

79.9 

90.8 

39.2 

87.3 

85.2 

83.3 

01.2 

79.5 

77.7 

75.9 

79.0 

89.9 

87.9 

86.2 

89.3 

82.9 

80.5 

78.9 

77.1 

75.9 

72.9 

87.9 

86.6 

05.0 

83.3 

81.6 

80.0 

78.5 

76.9 

79.3 

72.2 

86.6 

85.2 

83.7 

82.2 

80.6 

79. 1 

77,7 

75.7 

79.0 

0.0 

85.2 

83.9 

02.5 

81.1 

79.6 

78.1 

76.2 

79.9 

69.6 

0,0 

83.9 

82.7 

81,3 

60.0 

78.5 

77.2 

75.6 

73.5 

0.0 

0.0 

1 . 9 

01.3 

79.0 

78.5 

77.2 

75.7 

73.7 

0.0 

C.O 

0.0 

« l . 0 

8 C . 2 

79.1 

78.0 

76.7 

79.5 

71.6 

67.9 

0.0 

0 .0 

7 7.9 

7 C .6 

77.8 

76.6 

79.9 

73.0 

71.2 

0.0 

0.0 

0.0 

£0.2 

79.9 

70.2 

77.1 

75.2 

7 9.0 

71.3 

0.0 

0 .0 

0.0 

c:.s 

79.5 

78.1 

76.8 

75.6 

73. B 

70.8 

67.8 

0.0 

0.0 

s : .5 
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